Abstract Excessive body weight negatively affects balance. Clinical examination provides insight into the physiopathology and etiology of balance disorders and functional scales can rate its severity. Instrumental evaluation can add further information and provide objective baseline and outcome measures for evidence-based rehabilitation programs. Static posturography focuses on the properties of the center of pressure trajectory using time series. Its utility in clinical practice is limited by absence of a definite normal pattern, lack of standardization in the measurement protocols, and large number of variables computed from the force platform. Recently, some advanced mathematical methods have been proposed to describe the biological signals (entropy and fractal dimension). The increased body mass produces anteroposterior instability in both genders and mediolateral destabilization in males. Proprioceptive exercises together with isometric strengthening of the ankle agonist and antagonist muscles, cardiorespiratory conditioning, and exercises aimed at improving perception of the body should be implemented in the rehabilitation program.
Introduction
Postural stability and balance are defined as the ability to return the body close to equilibrium point when exposed to a perturbation and it represents a key function for performing daily life tasks. Aging and a number of pathologies often increase the amounts of postural sway, which may ultimately lead to falls [1] . Among the pathological conditions, obesity has a profound effect on disability and quality of life [2] . The excessive amount of fat modifies the body geometry by adding passive mass to different regions [3] and it influences the biomechanics of activities of daily living, causing functional limitations, and possibly predisposing to injury [4] . Quantitative evidence exists that excessive body weight negatively affects the movement from sitting to standing [5, 6] , walking [3, [7] [8] [9] and balance [10•] . Adipose tissue accumulation and body mass increases can be a major factor contributing to the occurrence of falls, which explains why obese persons appear to be at greater risk than normal-weight subjects under daily postural stresses and perturbations [11] .
Although fat mass could be considered a potential protective layer in falling, the additional weight of the fat mass itself yields some negative aspects. The consequences of falling in obese subjects are more critical with higher treatment costs and more specialized care required following orthopaedic surgery [11, 12] . Complications associated with falls (eg, fractures, muscle contractures, post-trauma injury) are often more difficult to treat in obese persons than in normal-weight individuals [13] .
Balance Control
Clinical examination provides insight into the physiopathology and etiology of balance disorders and functional scales (Tinetti, Berg, Conley) can rate its severity and the related risk of fall. Instrumental evaluation can add further information and provide objective baseline and outcome measures for evidence-based rehabilitation programs. Among the available modalities, platform posturography is the most widely used [14] . In particular, static posturography has been extensively used in populations of various age to study the biomechanical effects on gross motor skills in subjects affected by various motor disorders (cerebral palsy, muscular dystrophy, spinal cord injuries), fine cognitive or learning disabilities (autism, developmental coordination disorder, attention deficit hyperactivity disorder, and dyslexia) [15] , genetic disorders (Down syndrome, Prader-Willi syndrome [PWS]) [16, 17•] , and obesity [10•] .
Platform stabilometry consists of the measurement of forces exerted against a platform during quiet stance. The force platform quantifies the body sways of an individual in a standing position. It is widely used in clinical settings to obtain functional markers on fine competencies and their development and a large number of posturographic measures are sensitive to testing condition (ie, eyes open vs eyes closed, feet position, and presence of external stimuli). Static posturography is user-friendly and typically in everyday practice focuses on the properties of the center of pressure (CoP) trajectory using time series (length, surface, maximal amplitude of the displacement, speed, and frequency analysis). Simplicity of the experimental protocols and safety of the individuals subject to the tests, especially in pathological conditions, are potentially advantages [18] . However, the information obtained is difficult to be univocally interpreted from a physiological point of view. The utility of static posturography in clinical practice is somehow limited for the following factors: 1) the absence of a definite normal pattern; 2) the lack of standardization in the measurement protocols; and 3) the large number of highly coupled variables that are computed from the force platform recordings [12] . From these limiting factors there is a need for reliable approaches to extract physiologically meaningful information from stabilograms [16, 17•, 18, 19] .
Recently, some advanced mathematical methods have been proposed to describe the patterns of biological signals [16, 20] applying a dynamic approach, in terms of entropy [18, 21] and fractal dimension (FD) analysis [19] . In particular, the latter can be used to quantify the complexity of a biological signal. As for the CoP trajectory, a change in FD may indicate a change in control strategies for maintaining quiet stance [19] . Previous studies [17•, 22-25] suggested that FD could represent a reliable method to assess balance control complementary to traditional analysis in time and frequency domain.
Recently, Cimolin et al. [25] used the traditional method with time (the range of sway in anteroposterior (AP) and mediolateral (ML) direction and the total trajectory length) and frequency domain approaches and then integrated them with the FD approach to quantify balance control in genetically obese patients. While time domain analysis showed higher values of CoP excursion in both AP and ML direction with longer CoP trajectory compared to healthy controls, frequency analysis showed the same values as controls. As for the presence of higher oscillations in obese individuals with respect to controls, two hypotheses are proposed by literature: 1) the reduction of plantar sensitivity due to the hyperactivation of the plantar mechanoreceptors for the continuous pressure of supporting the large mass; and 2) the presence of high mechanical request in obese subjects due to a whole body center of mass further away from the axis of rotation causing a greater gravitational torque [26, 27] . Furthermore, the frequency analysis therefore seems to add information to the traditional one, analyzing the rate at which the CoP direction changes, reflecting the action-reaction times between external perturbations and compensatory movements to re-establish balance: the obese individuals present larger excursions of CoP, which are characterized by the same velocity of oscillation if compared to controls. These data suggest that time domain parameters are not completely satisfactory for the detection of early changes in standing balance: the dynamic characteristics of posture, characterized by chaotic fluctuation of CoP trajectories, are not detected. Frequency-domain characteristics and dynamical system theory can detect early changes and may be considered complementary to time frequency analysis for characterizing posture. Genetically obese patients were characterized by higher values of FD parameter, indicative of the complexity of the stabilometric pattern in postural maintenance. The higher FD values may be interpreted as an inability to synergically modulate the three systems (ie, visual, vestibular, and somatosensory) involved in maintaining posture. The human body is continuously exposed to external perturbations, which we try to counteract by integrating the real-time inputs and the prediction system based on previous inputs. On the other hand, a more complex stabilometric pattern could be also interpreted as a characteristic of a successful vigilant strategy to keep balance. Both interpretations can be correct but the question is then how to decide which one is the most appropriate one in a case at hand and the debate is still open. More work is needed to identify the correct physiological interpretation of DS parameter in a given condition.
There is now evidence that body weight is a strong predictor of postural instability [26] , with obesity-associated postural perturbations appearing in adolescence [28] . In particular, obesity has been associated with greater forward displacement of the CoP during dynamic standing balance activities [29] . Excessive body weight affects posture linearly with the increase of body mass index (BMI) [30, 31] , akin to what occurs in the later stages of pregnancy [32] : the center of gravity shifts forward, the lumbar lordosis increases together with the pelvic forward tilt, and the dorsal kyphosis and a secondary cervical lordosis become more pronounced [33, 34] . Frequently, internal rotation of the hips, knee valgism, and flat feet coexist. The feet tend to splay apart during standing to optimize the center of gravity and stability. This also occurs in the seated posture to facilitate trunk flexion and to reduce weight on the pelvis [31] . Discomfort and reduced tolerance of fixed postures are also consequences of a redundant mass. Pain has been shown to affect posture [33] . Reduced sensory integration has been hypothesized for the poor balance [34] . Reduced balance affects a variety of daily and occupational tasks, particularly those performed with the upper limbs from a standing posture [35] . Obesity would therefore appear to be linked to an increased risk of falling [3] , while weight loss increases postural stability [36] . However, whether this is due to weight loss per se or to the beneficial effects of physical activity needs further investigation. Not only does BMI increase but also its fluctuations (eg, in eating disorders) show a correlation with reduced stability [36, 37] . High BMI values are coupled with increased bone density and a protective layer of fat around the joints. But still obese subjects are not protected against falls and older obese subjects in particular are at a high risk of falls and fractures [38, 39•] .
Body mass distribution usually shows gender differences (gynoid and android shape), even if android fat distribution is also observed in females, particularly in postmenopausal women: thus, whether shape induces possible genderspecific consequences on balance is still controversial. Few dated studies on normal-weight persons reported no gender differences in sway area during standing and in perturbed conditions [40, 41] , although elderly women appear to have poorer balance and functional performances [42] . In 2003, Gravante et al. [43] studied gender differences in obese and healthy subjects using a baropodometric platform. They reported no gender-related differences in foot pressure, foot contact surface, and CoP mean location. They also found that the CoP mean location was not influenced by weight. More recent studies have investigated obese male subjects. Hue et al. [26] reported the lower postural stability of obese men, assessed by the AP and ML coordinates of the CoP, than their lean counterparts, although other authors showed that postural stability improved in severely obese men after weight loss [3] and specific balance training [1] . The linear relationship between magnitude of the weight loss and improved balance provides additional support to the suggestion that body weight is an important predictor of postural stability [26] . A recent paper [44] has investigated gender differences in postural control as assessed by standardized functional tests (one-leg standing balance and walking performance) in 318 healthy normal-weight adults. The authors reported that women performed significantly poorer during the timed getup-and-go test and the tandem Romberg with eyes closed. These results were mainly influenced by the instability shown by middle-aged women.
The increased body mass seems to produce AP instability in both genders and ML destabilization only in males. Therefore, obesity seems to produce gender-specific: obese males, differently from females, show greater CoP displacements in the ML direction [10•] . Two possible hypotheses could explain our results, both related to the mass distribution. The fat mass is usually concentrated in the thoraxabdominal region in males (android shape), while it is usually around the hips and the upper portion of legs in females (gynoid shape) [45] .
In both genders the increased body mass contributes to an increased ankle torque (AP destabilization), but the android shape involves a greater amount of mass/load over the hips, which could account for the increased ML CoP excursion. The second hypothesis, partially overlapping with the previous one, is related to the effect of a different mass distribution on the center of mass. This is defined as the imaginary point where we can assume the total body mass is concentrated and the stabilization of its spatial position has previously been proposed as the goal of postural responses [10•] . The mass distribution alters the center of mass position, which is higher in the android than in the gynoid shape. Furthermore, the fact that males are usually heavier than females should be taken into account. In summary, men have to cope with heavier body weights and higher center of mass, possibly leading to an increased loading/unloading mechanism in ML direction. The assumption of the different mass distribution in men and women is in accordance with the experimental data we found. However, such difference is merely a hypothesis because the experimental design of our study does not investigate the gender-shape association (eg, some women could have an android rather than gynoid shape). The inclusion of the waist-to-hip ratio measure in our study would have provided quantitative characterization of the subjects' shape, thus ensuring the homogeneity of the groups. Whether the reported difference between males and females in CoP displacements is only shape-related still remains an open question. The potential differences related to shape and gender could be topics of future studies, which should consider the waist-to-hip ratio measure. Those studies might also provide insight on the potential correlations with CoP displacements.
From a clinical perspective, AP instability has been suggested to be related to the increased muscle activity [10•, 26] . Obese males and females like elderly fallers show an increased AP instability and an increased muscle activity during static posture [10•] . There is growing evidence that ML instability is an important posturographic marker of functional balance impairment [14, 29, 46, 47] , and to our knowledge, the different behavior in ML direction observed across genders is a novel result.
Efficient lower limb muscles are the key to independent mobility, and strength of the flexor and extensor muscles is highly correlated with the capacity to execute daily tasks safely and maintain balance [48] . The relationship between strength and mobility tasks is curvilinear, suggesting that factors other than muscle function contribute to mobilitystill muscle strength is considered the most important factor to enhance mobility [42, 49] . It has been shown that reduced muscle strength relative to body weight induces earlier fatigue of the quadriceps muscles in the obese that, in turn, reduces shock attenuation and increases the loading rate and variability at the knee during gait [34] . Quadriceps muscle strength is known to be an important factor governing the vibration dampening of the lower limb [50] and its weakness is known to be a risk factor for the development of knee osteoarthritis [51] [52] [53] [54] [55] [56] . Lower rates of musculoskeletal loading have been found in strength-trained females when compared with sedentary females walking at similar speeds, suggesting that increased muscular strength may enhance shock attenuation [57] .
Muscle strength in normal-weight, obese, and genetically obese populations appears to be clearly stratified [39•] . Subjects affected by genetic obesity, such as PWS, show the lowest absolute peak torque for knee flexor and extensor muscles. Reduced muscle tone, early childhood obesity, and impaired muscular trophic response could negatively interfere with muscular strength and coordination development, as well as with motor planning skills and account for the lowest absolute strength measured. On the other hand, it is not possible to exclude that the impairment of lower limb muscle function associated with PWS may be secondary to different mechanisms from those observed in patients with nonsyndromic obesity (eg, primary muscle pathology). The comparison of syndromal and nonsyndromal obese subjects suggests factors other than obesity per se seem to contribute to reduced muscular strength in PWS. Non-syndromal obese subjects produce greater absolute isokinetic torque than their lean counterpart [58, 59] . Absolute strength is higher in obese than normal-weight subjects possibly due to a higher absolute fat free mass rate correlated to BMI. It could therefore be hypothesized that obese patients retain a greater muscle mass in response to a greater loading, which could act as training stimulus. However, when data are normalized per body weight, obese subjects show significantly lower knee flexor and extensor strength compared to normalweight subjects. Normalization per body weight instead of the more common normalization per fat-free mass can represent the load bearing on the muscles, which is in actual fact one of the major biomechanical constraints in obese subjects. Normalization per body weight may provide a realistic picture of the functional capacity of obese patients and may appropriately reflect the disabling degree of the motor limitation and represent a more meaningful indicator of physical capacity. In fact, it has been shown that muscle power, thus strength under dynamic conditions, normalized per body weight is reliably related with functional performance in obese patients [39•] . One of the prerequisites for balance control is the ability to generate adequate muscle force to maintain stability while moving. If the ankle joint stabilizers are relatively insufficient we might expect an increase in postural sway.
Significant weight loss or excessive gain has been shown to induce musculoskeletal adaptations that may induce postural and motor alterations [60] . Neuromuscular abnormalities have been described in 45 % of patients, muscle weakness in 43 %, and peripheral neuropathies in 13 % [61] . Peripheral neuropathy, probably secondary to chronic malnutrition and thiamine deficiency [62, 63] , and localized compression neuropathies are notable complications of anorexia nervosa. Type 2 fiber atrophy with no evidence of neuropathic changes has also been noticed [64] . Such neuromuscular adaptations may ultimately cause postural and motor alterations. Postural control is a complex task performed by the integration of somatosensorial inputs processed in the nervous cerebral system and a reflex or voluntary response. Its aim is to maintain the body's center of mass within the base of support during quiet upright stance. Impaired postural control may be secondary not only to sensorial damage such as visual [65] , vestibular [66] , and somatosensorial inputs [67] , but also to central nervous system disorders [68, 69] and psychopathological problems [70] . Emotional factors, in particular anxiety, whose prevalence is particularly high in eating disorders [71] [72] [73] [74] , have been shown to negatively influence the efficiency of human postural control [75] . Anxiety appears to influence the interactions of visual with vestibular and somatosensory inputs, thus affecting the net performance of postural control [76] . There is some evidence that compulsive habits such as smoking causes more unstable posturographic results than nonsmoking [77] and that excessive body weight seems to affect the ability to withstand balance perturbations [78] . A few studies have utilized loading healthy subjects with extra weight, which imposed a relative weakness of the muscles that swing the leg, impaired the position control ,and increased the body sway areas, both with and without available vision [79, 80] .
Balance Recovery
All obese individuals may experience decreased quality of life because excess body fat can interfere with daily activities of physical functioning, such as walking, bending, stooping, and kneeling [81] . Lessened ability to perform these physical tasks may lead to dependency on others for assistance with daily household chores [82] , and, ultimately, to a sense of inadequacy or failure. Obese individuals are typically sedentary as there is an inverse relationship between BMI and activity levels [83] . An increase in BMI is not only negatively associated with physical activity levels, but it is also associated with an increase in functional impairment [84] , which could lead to impaired balance and an increased risk of falls. Consequently, obese individuals may fear falling, which may lead to further reductions in physical activity [83] , greater functional impairment [85] , and greater risk of falling [17•] . Whether physical activity and training could represent the key solutions for counteracting balance problems in obese individuals need to be further demonstrated.
However, it appears from the considerations above that specific physical activity and rehabilitation exercises, also because they induce weight loss, may serve to disrupt the vicious circle of inactivity and relative muscle weakness and improve balance capacity and enhance confidence while performing daily tasks in obese subjects. The modality of supervised exercise classes is known to be the most effective way of prescribing adequate and safe physical activity. However, they can reach only small figures [86•] . Partially supervised, home-based or mixed training programs could potentially have a greater impact and be more accessible to the general population. Providing an effective and simple home-based training would represent a continuum of the rehabilitation process outside the hospital, which appears crucial in all chronic conditions. Low-intensity long-term training is feasible in the obese and even genetically obese populations and can enhance overall function, including gait and balance, more than muscle function. Training sessions should be kept simple and reasonably short to guarantee compliance to the program. The exercises prescribed need to be clearly explained and they should not exceed a total of 30 minutes per day. Also, patients should first be familiarized with the exercises and supervised for 2 weeks to make sure they would be able to perform them properly at home in the following period. It is very important that training addresses the muscle groups that are mainly responsible for balance capacity, specifically the ankle stabilizers that can increase peak ankle power. At this level push-off capacity is lower than normal-weight subjects [87] . After 6-month home training PWS individuals have been shown to improve significantly in cadence and in ankle plantar and dorsal flexor isokinetic strength [86•] .
Improvement in spatiotemporal parameters has a positive impact on performing activities of daily life and is decisive for determining compliance in a weight-loss program. Rehabilitation programs should take such findings into account on a larger scale. It has been documented that obese patients benefit from specific posture programs designed to improve balance and strength [10•] , and that weight reduction has a favorable impact on posture instability [33] . Therefore, not only weight loss but strengthening of ankle flexors/ extensors, and balance training should be implemented as part of comprehensive rehabilitation programs [34] .
A recent paper argues against the suggestion that physical activity is the key factor explaining balance control deficits [27] . In this study, sway from heavy and trained individuals (American football players) was compared to that of sedentary obese subjects matched for BMI and lean individuals. Their results showed no differences in sways between footballers and obese individuals, with these two groups swaying more than lean individuals. Weight loss per se may well represent the key factor, because it reduces body mass and pressure on the muscular system, or because it allows plantar mechanoreceptors to work within a more normal range of sensitivity. Therefore, the issue of whether training and physical activity or rather weight loss can represent the key factors to counteract balance control problems related to obesity needs further scientific evidence.
Quantification of their high CoP displacement in the AP and the ML directions strongly supports the issue that these patients need tailored rehabilitation programs. Particularly, those aimed at improving ML control using hip strategies should be given consideration. The inclusion of proprioceptive exercises in the comprehensive rehabilitation program appears important, together with isometric strengthening of the ankle agonist and antagonist muscles, cardiorespiratory conditioning, and exercises aimed at improving perception of the body. Activity programs including resistance training, stretching, and an increase in balance confidence have already been shown to decrease the fear of falling and thus have a positive impact on the elderly [84, 88, 89] . In the future, larger studies should address the issue of whether balance training in obese subjects could be equally effective.
Conclusions
As the prevalence of obesity is increasing at an alarming rate worldwide, obesity-related disabilities will eventually become a serious threat to national health systems. Among several disabling conditions, an increase in BMI is associated with an increase in functional impairment, impaired balance, and an increased risk of falls. Complications associated with falls are often more difficult to treat in obese persons than in normal-weight individuals. Although further conclusive research is needed, some evidence has been provided that targeted physical activity and rehabilitation exercises could play an important role in improving balance capacity. Based on recent initial findings, partially supervised, home-based, or mixed training programs could have a significant impact in reducing risk of falls in this population. Whether regular program of exercises or rather weight loss can represent the prime solution to counteract the obesityrelated reduced balance is still debated. However, training programs inducing weight loss appear to be beneficial, even if this effect may tap at other processes (eg, fear of falling). More studies are needed to assess effectiveness of balance training and weight loss programs in the long term in wider populations of obese subjects.
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